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(54) Real-time pricing controller of an energy storage medium 



(57) A method and apparatus is provided for con- 
trolling an energy storage medium connected to an 
environmental control system that is providing environ- 
inental conditioning. The controller includes an energy 
pricing data structure for storing a real-time energy pric- 
ing profile indicative of energy rates corresponding to 
time-varying production costs of energy The controller 
also includes a storage medium containing rules that 
approximate optimal control trajectories of an energy 
cost function that is dependent upon the real-time 



energy pricing profile, with the rules governing the oper- 
ation of the energy storage medium. In addition, the 
controller has an engine for generating a storage 
medium control signal based upon the real-time energy 
pricing profile and the rules whereby the energy storage 
medium is controlled with the storage medium control 
signal in order to minimize energy costs assodated with 
environmental control system. 
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Description 

BACKGROUND OF THE INVENTION 

5 1. FIELD OF THE INVENTION 

[0001 ] The present invention generally relates to energy storage mediums, and more particularly to a real-time pric- 
ing controller and corresponding method for controlling an energy storage medium that is connected to an environmen- 
tab, control system. 

10 

2. DESCRIPTION OF RELATED ART 

[0002] Many electric utility companies are unable to generate enough electricrty through conventional means to 
meet peak customer demand. Because of the enormous capital and environmental costs associated with building new 
15 power plants, these utilities offer incentives to their customers to reduce peak electrical consumption. These utility 
incentives encourage electrical consumers to shift energy consumption to those periods when reserve generating 
capacity is available. The incentives are typically provided in the fonn of an energy rate structure, and the real-time pric- 
ing (RTF) structure is rapidly gaining popularity. 

[0003] RTF is a time-varying energy rate that takes into account th€ time-dependent variation in the cost of produc- 
20 ing electricity. With a RTP structure, utility companies can adjust energy rates based on actual time-varying marginal 
ccfets, thereby providing an accurate and timely stimulus for encouraging customers to lower demand when marginal 
costs are high. An example of an RTP rate structure for a 24 hour period is shown In FIG. 1 . 

[0004] RTP differs from traditional time-of-day (TDD) or time-of-use (TOU) power rates in two primary ways. Rrst. 
the demand charge of a TOD or TOU energy pricing structure is either eliminated or greatly reduced. Secondly, the 
25 rates in an RTP scheme may be altered more frequently (e.g., every hour) and with much less prior notice (i.e., one day 
or less). 

[0005] When RTP is in use, a utility cost schedule for a given time interval is periodically provided to utility custom- 
ers. Generally, the price schedule is provided the day before (day-ahead) or hour before (hour-ahead) the rate will take 
effect. In day-ahead pricing, utility customers are given price levels for the next day, and in hour-ahead pricing the cus- 

30 tomer receives the energy prices for the next hour. 

[0006] In order for a utility customer to benefit from RTP. short-tern, adjustments must be made to curtail energy 
demands in response to periods with higher energy prices. One method of accomplishing this objective is by supple- 
menting environmental conditioning systems with energy storage mediums. With these energy storage devices, exter- 
nal power consumption is decreased by drawing upon the energy reserves of the energy storage medium during 

35 periods having higher energy rates and generating energy reserves during intervals with lower energy prices. 

[0007] To obtain the maximum benefit from RTP, a system must have access to energy demand and consumption 
information. Furthermore, the ability to project future load requirements is generally necessary. However, because 
energy prices of a RTP pricing structure change frequently and energy usage continually varies, an RTP cost function 
must be constantly minimized in order for a utility customer to receive the available cost savings. The discrete RTP cost 

40 function is given by 

s 

^RTP - E If^^^PiK *A t (-») 

45 



where: 

so K is an interval of the RTP schedule: 

is the average electrical power (kW) consumed during interval k; 
Jrtp >s the cost to the customer; 

Re^ is the energy cost during interval k (which is typically adjusted 24 times daily as shown in Figure 1); 
At is an interval duration; and 
55 S is the number of intervals in the optimization time horizon. 

Note that in subsequent discussions, the stage K will be replaced with an H to denote the hour of the day (in military 
time) since a typical interval length is one hour. However, it should be noted that the control strategy is appropriate for 
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any interval length as long as the demand charge has been eliminated or reduced. 

[0008] The state arri control variable trajectories that minimize the RTP cost function can be found analytically (See 
LS. Pontryagin. V.Q. Boltyanskii, R.V. Gamkrelidze, and E.F Mishchenko, "The Mathematical Theory of Optimal Proc- 
^ ess. " Wiley- Interscience (1962)), numerically (See R. Bellman. " Dvnamic Programming. " Princeton University Press 

5 " (1957)), or with genetic algorithms (See D.E. Goldberg, " Genetic Algorithms in Search. Optimization & Machine Learn- 
ing." Addison-Wesley Publishing Company, Inc. (1989)), respectively. Unfortunately, each of these approaches requires 
significant expertise to formulate solutions and mathematically implement. In addrtion, a significant amount of computer 
resources (including memory) are required to generate a solution. Therefore, it is typically impractical to solve the opti- 
mal control problem of an energy storage medium in real time using realistic non-linear component models. 

10 [0009] In view of the foregoing, it is one object of the present invention to provide a controller of an energy storage 
medium that mininnizes the integrated cost function of a real-time-pricing utility service yet is simple to implement, com- 
putationally efficient, requires minimal memory, and is robust. Furthermore, additional advantages and features of '^e 
present invention will become apparent from the subsequent description and claims taken in conjunction with the 
accompanying drawings. 

75 

SUMMARY OF THE INVENTION 

[0010] An apparatus and method is provided for controlling an energy storage medium connected to an environ- 
mental control system that is providing environmental conditioning. The controller includes an energy pricing data struc- 

20 ture for storing a real-time energy pricing profile indicative of energy rates corresponding to time-varying production 
costs of energy. The controller also has a storage medium containing rules that approximate optimal control trajectories 
of an energy cost function that is dependem upon the real-time energy pricing profile and governs the operation of the 
energy storing medium. A engine is provided for generating a storage medium control signal based upon the real-t|me 
energy pricing profile and the rules. Whereby, the energy storage medium is controlled with the storage medium control 

25 Signal in order to minimize energy costs associated with environmental conditioning by the environmental control sys- 
tem. 

BRIEF DESC R IPTION OF THE DRAWINGS 

30 [0011] Other objects and advantages of the invention will become apparent upon reading the following detailed 
description and upon reference to the following drawings, in which: 

FIG. 1 is an example of a day-ahead real-time pricing schedule; 

FIG. 2 is an environmental control system having an energy storage medium for use with the knowledge based 
35 controller of the present invention; "\ 
FIG. 3 is the knowledge based controller of the present invention in further detail; 
FIG. 4 is the plant status selector of the knowledge based controller in further detail; 
FIG. 5 is the discharge module of the knowledge based controller in further detail; 

FIG. 6 is a flow chart that illustrates the procedure used by the discharge scheduler of the knowledge based con- 
40 troll er; and 

FIG. 7 is a control transfer function diagram representing the PID feedback controller of the knowledge based con- 
troller. 

DESCRIPTION OF THE PREFERRED EMBODIMENT 

45 

[0012] The following description of the preferred embodiment is mainly exemplary in nature and is in no way 
intended to limit the invention or its application or uses. ^ ' 

[001 3] Hgure 2 shows an environmental control system in the form of an air conditioning system 20 that is providing 
environmental conditioning of a building 22 in conjunction with an energy storage medium 24 that is controlled by a 
so knowledge based controller 26 of the present invention. The air conditioning system 20 includes a water chilling unit 28, 
secondary chiller controller 29, cooling towers 30, a secondary fluid distribution pump 32. a condenser water pump 34. 
and cooling coils 36 contained within the building 22. 

[0014] During a cooling cycle of the air conditioning system 20, an approximately 25 percent glycol and water mix- 
ture (brine) Is distributed between the water chilling unit 28, energy storage medium 24 and cooling coils 36. More par- 
55 ticularly, the brine is chilled by water chilling unit 28 and pumped through or around the energy storage medium 24 cind 
then to the cooling coils 36 of the building 22. 

[0015] The energy storage medium 24 is a thermal energy storage (TES) tank. More particularly, the TES tank 24 
is an internal melt, ice-storage tank This common design has tightly spaced, small diameter tubes arranged in a p^al- 
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lei flow geometry surrounded by water and/or ice within a cylindrical tank. During eith©- TES charging (i.e., ice making) 
or TES disdiarging (i.e.. ice melting) cycles, the brine is pumped through the small diameter tubes of the tank 24. 
[001 6] Charging of the TES 24 is accomplished by completely closing the load bypass valve 38 to the building cool- 
ing coils 36 and fully opening the storage control valve 40 to the ice-storage tank 24. In this mode, ail the secondary 
5 fluid flows through the storage tank 24 at temperatures low enough to make ice within the tank 24. The discharging of ' 
the TES tank 24 occurs when the load bypass valve 38 is fully open to the building cooling coils 36. During a discharge 
of the tank 24, storage control valve 40 modulates the mixture of flow from the tank 24 and chiller 28 in order to produce 
brine having a desired temperature. 

[0017] The chiller 28 is a factory assembled unit designed for an ice storage application and is equipped with a 
10 brine supply temperature setpoint reset capability. The chiller 28 is located upstream of the storage medium 24 to per- 
rtitt chifler 28 operation at the maximum efficiency This arrangement provides a higher chiller coefficient of power 
(COP) for a given load as compared to locating the chiller downstream of the storage medium 24. This is due to an 
inverse relationship between chiller power consumption and chiller water supply temperature. 
[001 8] Obtaining the maximum benefit from the air conditioning system 20 and ice storage tank 24 involves sched- 
75 uling a portion of the building cooling load to the storage medium 24 during high energy cost periods and extracting 
energy from the storage medium 24 when the cost of energy is lower. Therefore, the ultimate objective is to exploit the 
lower utility rates that are provided by the utility as a financial incentive to shift energy loads from high demand periods. 
[0019] The knowledge based controller (KBC) 26 uses a set of predetermined heuristic rules to exploit the lower 
utility rates in a RTP tariff. The KBC 26 controls the water chilling unit 28. load bypass valve 38 and storage control valve 
20 40 based on these rules, slate variables, and additional inputs that will be subsequently discussed. The advantage of 
the KBC 26 is that it is simple to implement, computationally efficient, requires minimal conrtputer memory, and is very 
robust. 

[OtoO] The heuristic rules of the KBC 26 were obtained by solving the optimal control problem off-line with a work 
station for a wide variety of input ranges and system types using dynamic programming as described in " Dynamic Pro- 
25 Qrammino". R. Belman. Princeton University Press, Princeton, N. J. (1957). Dynamic Programming was selected 
because state and control variable constraints are easily implemented, a global minimum is assured, and the algorithm 
is extremely robust since derivative evaluations are not required. The rules were identified by noting common charac- 
teristics of the optimal control trajectories. In effect, the optimal control trajectories were used to provide the input 
required by the KBC. 

30 [0021 ] Rgure 3 shows the controller 26 In further detail. As can be seen, the KBC 26 includes a plant status selec- 
tor 42, heuristic engine 44. forecaster 46, PID feedback controller 58 and a pricing profile 48 indicative of energy rates 
con'esponding to time varying production costs of energy that is stored in an energy pricing data structure 50. The heu- 
ristic engine 44 receives an estimate of the facility heat transfer rate (Qbidg) from the forecaster 46 that is obtained from 
p^st plant flow and tenperature measurements via energy balance. In addition, the heuristic engine 44 receives input 

35 facility specific data 52 such as equipment capacity, maximum charging/discharging rates for the TES, charging/dis- 
charging schedules, and desired capacity reserves. Furthermore, the heuristic engine 44 utilizes the heuristic rules 54 
developed with the dynamic programming technologies as previously indicated. 

[0022] The heuristic rules are built upon the following discharging and charging rules and assumptions: 
40 Dischargino rules: 
[0023] 

1) Starting with the time inten^al (typically hourly) corresponding to the highest energy costs (Re), satisfy as much 
45 of the building load (Qbidg) during that time interval as possible by discharging the thermal storage; and 

2) Repeat step 1 for the next highest energy cost interval, until the storage capacity is depleted or the building cool- 
ing load requirements approach zero. 

Charging Rules: 

so 

[0024] 

1) Always charge at the maximum rate; 

2) Only charge storage during the customer specified charging period; and 
55 3) Stop charging sooner if storage is recharged to maximum specified limit. 
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* Assumptions : 
[0025] 

5 1 . It is beneficial to completely discharge the TES inventory (if possible) during the planning horizon: 

2. The sensitivity of the controller to chiller efficiency over the expected load and environmental conditions is neg- 
ligible compared to other measurements, forecasts and modeling errors: 

3. Charging is not allowed during the discharge planning horizon; and 

4. There is no period during the discharge planning horizon when it is not beneficial to use TES in preference to the 
10 chiller. 

[0026] It should be noted that a thermal load forecasting algorithm is needed to produce an estimate of the facility 
heat transfer rate Qbwg • This is necessary to ensure that the storage medium has the capacity available for high energy 
cost periods. Otherwise, the storage medium could be prematurely depleted and the cooling requirements would not be 
15 satisfied. Such a forecasting algorithm is provided in "Adaptive Methods for Real-Time Forecasting of Building Electrical 
Demand". ASHRAE Transactions. Vol. 97, Part 1, Seem. J.E., and J.E. Braun, 1991, which is hereby incorporated by 
reference. 

[0027] Based upon these basic rules and assumptions, the heuristic engine 44 generates either setpoint adjust- 
ment or output override commands 56 that are provided to the PIDfeedback controller which uses these signals to reg- 
20 ufate the capacity of the chiller 60 and storage tank 64. In many installations the load bypass valve is also modulated in 
response to a binary control signal. This first valve control signal (Cs^) (62) is a two position signal which either fully 
opens or closes the load bypass valve depending on the plant status. 

[0028] The PID feedback controller 58 produces the control signals (60, 64) necessary to operate the setpoint of 
the chiller and storage control valve. In this description, the TES capacity is varied by adjusting the chiller setpoint tem- 
25 perature with the chiller setpoint control signal (Tchs.sp) 60 and modulating the storage control valve with the second 
valve control signal (Cgg) 64, respectively. 

[0029] Rgure 4 shows the plant status selector 42 of the KBC in further detail. The state transitions of the plant ^a- 
tus selector 42 depend upon the customer specified discharge interval (i.e.. hour to begin discharge (Hdisch, start) and 
hour to end discharge (H^jsch, end))' f^e TES state of charge (i.e.. current measured storage inventory (Qjnv)). ard the 
30 design capacity of the thermal storage medium (Qinvdes)- Based upon these inputs, the plant status selector 42 will 
select a standby state 66, charge state 68, or discharge state 70. The selected state (i.e.. plant_status) is then trans- 
mitted to the heuristic engine which operates in a charge mode, discharge mode or standby mode based upon this 
input. 

[0030] The entry state of the plant status selector 42 is the discharge storage state 70. The plant status selector 42 
35 will remain in the discharge storage state 70 until the current hour (H) is outside of the customer specified discharge 
interval (i.e., H<Hdisch,start or H>=Hdjsch,dnd)- Once this condition is found to exist, a state transition from the discharge 
storage state 70 to the charge storage state 68 occurs. 

[0031] As the plant status selector 42 remains in the charge state 68. the TES state of charge will increase. Once 
the TES is fully charged (i.e., Qjnv > Qinv.des)' the plant status selector 42 will transition to the standby state 66. Alteqia- 
40 tively. the plant status selector 42 will exit the charge storage state 68 and return to the discharge storage state 70 if the 
specified discharge interval is entered (i.e., Hdisch,start < = H<Hdisch,end)- Furthermore, if the plant status selector 42 is 
in the standby status 66. a transition to the discharge storage state 70 will occur if the current hour (H) is within the cus- 
tomer specified discharge interval (i.e., Hdisch.start < = H<Hdisch,end )- 

[0032] As previously indicated, the plant status selector 42 transmits the plant status (i.e., plant_status) to the heu- 
45 ristic engine which executes a charge module, discharge module, or standby module based upon this input. Referring 
to FIG. 3, the heuristic engine 44 executes a standby module 44a if the plant status is "standby", a charge module 44b 
if the plant status is "charge'', and a discharge module 44c if the plant status is "discharge." When the heuristic engine 
44 executes the charge module 44b, the chiller is run at maximum capacity with a low set point as required to recharge 
the TES tank. This is accomplished by overriding the load bypass valve command 62 so that the building cooling coils 
50 36 are bypassed, overriding the storage control valve command 64 so that all flow passes through the storage tank 24, 
and oven-iding the chiller setpoint controller output 60 to provide the lowest possible setpoint to the chiller control pdnel 
29. 

[0033] Execution of the standby module 44a results in the termination of brine flow through the TES storage tank. 
If the building heat load is minimal, the chiller operation will also be minimized or chiller operation will b terminated. 
55 These actions are accomplished by overriding the load bypass valve command 62 so that flow can circulate through the 
building cooling coils 36, overriding the storage control valve command 64 so that all flow bypasses the tanK releasing 
any overrides on the chiller setpoint controller output 60 so that it will attempt to satisfy the building secondary supply 
temperature setpoint 1 30. 
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[0034] The steps performed by the discharge module 44c are more complicated than the process of the charge^ 
mcxiule 44b and standby module 44a as the capacity of the TES and chiller must be coordinated to maximize the TES* 
discharge rate when the energy costs are high, yet TES must not be prematurely depleted. 

[0035] The discharge module 44c uses the known future energy costs (Re) as provided by the utility company, but 
possibly forecasted, forecasted facility heat transfer rate (Qwdg) . an estimate of maximum storage discharge capacity, 
scheduling information, and knowledge of the maximum chiller capacity to determine whether the use of storage should 
be nmimized or minimized for the upcoming hour. The discharge module also estimates whether storage should be 
mJodmized or minimized for each of the remaining hours of the customer discharge interval. 

[0036] FIG. 5 shows the discharge module 44c in further detail. The discharge module 44c is executed hourly to 
take advantage of accuracy improvements in the forecaster as the day progresses and also to account for error in the 
maximum storage discharge capacity estimated during the previous interval. 

[0037] A discharge scheduler 120 determines a discharge schedule (DischgLSTGY(H)). The discharge schedule 
that is provided to a discharge implemerrter 122 which selects the appropriate diiller/storage priority control strategy 
and issues the appropriate overrides and/or setpoint changes to PIDtank and PIDch needed to achieve this selected 
control strategy. The procedure utilized by the discharge scheduler to determine a discharge schedule attempts to 
mimic the perfornrance of an optimal controller by scheduling the highest possible TES discharge rates when the elec- 
trical costs are highest without prematurely depleting the storage. Figure 6 shows the preferred procedure of the dis- 
charge scheduler 1 20. 

[0038] Referring to FIG. 6. the procedure of the discharge sctieduler begins by setting the cun-ent hour variable (H) 
toihe cun-ent hour of the day (HOD) 80. As some system users may choose to hold a portion of the tank inventory in 
reserve as a safety factor that ensures the tank is not prematurely depleted due to forecasting errors, etc., a comparison 
is made between the measure tank inventory {Q^^) and the amount of tank Inventory that is to held in reserve (Qreservs) 
82. If the measured tank inventory is less that the amount of tank inventory to be held in reserve (i.e.. Qjnv > Qreserve). 
a minimum discharge strategy is selected for all of the remaining hours of the discharge period 84. In the event that suf- 
ficient TES inventory is available (i;e.. Qinv > Qreserve). the discharge scheduler proceeds to identify an appropriate 
schedule. 

[0039] Initially, a determination is made as to whether the current hour (H) is outside the scheduled discharge inter- 
val 86. This is accomplished by comparing the cun-ent hour (H) to the hour that conesponds to the user specified end 
of the discharge interval (Hdisch.end)- the current hour (H) is within the discharge interval, the minimum rate at which 
heat may be transferred into the TES (disch) 's identified, if any, and the discharge strategy is set to a minimum 88. The 
calculation in (88) determines the minimum amount of storage required to supplement the chiller so that the building 
load requirement can be met for hour (H). 

[0040] Once the scheduled heat transfer rate (Qdisch (H)) and strategy selection for the current hour is completed 
88, the scheduled heat transfer rate is compared to the maximum dscharge rate (Qdisch, max (H)) 90. The maximum dis- 
charge rate is a function of the TES tank design, fluid tenperature entering the tank, and the inventory for the ice stor- 
age tank. Therefore, if the scheduled transfer rate (Qdisch) (H)) exceeds the maximum discharge rate (Qdisch.max (H)), 
the building load cannot be met and the control logic exits the procedure 92, Othenwise, the cun-ent hour variable (H) is 
incremerrted 94, and the determination as to whether the current hour (H) is outside of the discharge interval 86 is 
repeated. 

[0041] If the current hour is initially found to be found to outside the discharge period, or this condition exists during 
a subsequent pass through the procedure, the amount of TES capacity available to shift loads (Qshift) 's calculafed 96. 
This extra capacity (over what is needed to satisfy the load constraints) is then scheduled (blocks 100-108). so that the 
daily energy costs will be minimized. The amount of TES energy available for load shifting can then be used to reduce 
the chiller capacity during periods of high energy prices (i.e., to load shift). 

[0042] After the amount of TES capacity that is available for load-shifting Is calculated, and the determination is 
made that at least some capacity is available 98, the hour having the highest energy cost (Re) currently scheduled for 
minimum discharge strategy is identified 1 00. Once this identification is made, the TES discharge rate for that identified 
hour (Qdisch (H)) is calculated (102) assuming that as much of the building load as possible should be provided by the 
storage tank 24. 

In addition, the amount of TES capacity that may be used to load shift Qghift 'S updated to reflect the energy that is 
scheduled for use in the previous step (103). 

[0043] If there is sufficient energy remaining for load shifting (i.e., Qshift > O) 104 a maximum discharge strategy is 
selected 106. This is followed by a determination as to whether all of the hours of the discharge period have been 
scheduled for a maximum discharge 108 (i.e., the storage inventory exceeds the integrated cooling load). If a maximum 
strategy is selected for the entire discharge period, the process is terminated 92, othenwise the hour with the next high- 
est energy cost (Re) currently scheduled for a minimum discharge period is selected 100 and the foregoing process 
continues until the amount of energy available for load shifting has been depleted 104 or a maximum discharge strategy 
has been selected for the entire discharge period 108. 
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, [0044] As previously indicated and as can be seen in FIG. 5. once the discharge scheduler 120 has determined the 
discharge strategy, the appropriate priority contro! for the current hour is selected by the discharge implementer 122. 
The discharge Implementer 122 has three priority control states that correspond to three discharge strategies, namely* 
. a chiller priority control (CPC) state 124. a storage priority control (SPG) stater 126, and a full storage control (FSC) 
state 128 that corresponds to a chiller priority control (CPC) strategy, storage priority control (SPC) strategy, and a full 
storage control (FSC) strategy, respectively. 

[0045] The CPC state 124 is the entry state and in this mode the attempt is made to satisfy the entire building load 
with the chiller only. In this state, thermal storage is utilized only when the building cooling load requirements exceeds 
the maximum chiller capacity. This is accomplished by ovemding the primary loop feedback controller output so that it 
provides (20) with a chiller supply temperature equal to the minimum discharge value and places the primary feedback 
loop in automatic (PIDch^AUTO). If the discharge scheduler 120 provides that the discharge strategy is set to maxi- 
mum, the transition from the CPC strategy 124 occurs and the SPC strategy 126 is implemented. 
[0046] In the SPC state 126, an emphasis is placed on satisfying the building cooling load by transferring heat into 
the thermal storage medium. This is accomplished by overriding the TES feedback loop to one hundred percent 
(PIDtank^100%) and placing the primary feedback loop which determines the chiller supply setpoint in automatic 
(PIDCH->AUTO). The SPC strategy 126 will continue until a minimum discharge strategy is provided by the discharge 
scheduler 1 20 or the selected discharge strategy continues to be a maximum strategy and PIDch_ lowsat is set to true 
by the PID feedback controller. The value of PIDch_Iowsat will be tme whenever the chiller capacity is either zero or at 
a very low value. This represents a case when the chiller is probably no longer needed to satisfy the building cooling 
load. Once the discharge strategy is set to maximum and the PIDch_ lowsat is set to true, the discharge implementator 
1 22 transitions from the SPC state to the FSC state 1 28. ^ 
[0047] In the FSC state 128 the thermal storage medium is used to satisfy as much of the cooling load as possible. 
This is accomplished by minimizing the chiller capacity (PlDch^%) and placing the storage valve feedback loop in 
automatic (PlDtank-^AUTO). The discharge implementation remains in the FSC state 128 until the discharge strategy 
is set to minimum or the discharge strategy remains at maximum and the PIDtank_hiset is set to true. If PIDtanJchisat 
is true then the tank does not have adequate discharge capacity to meet the building cooling load. 
[0048] Once the discharge implementer selects the appropriate control strategy and the PIDtank and PIDch values 
are appropriately configured, the PIDtank and PIDch values are transmitted to the PID feedback controller imple- 
mented. 

[0049] Refen-ing to FIG. 7, the chiller PID feedback controller is a feedback controller with a setpoint (T^idg sp) 130 
that is the desired building supply temperature. The difference between this setpoint (Tb^g.sp) and the cun-ent building 
supply temperature (T^idg) is provided to a span block 1 34 which linearly relates a primary controller 136 to the deseed 
chiller setpoint temperature of a secondary controller 29. The secondary controller 29 is a factory installed component 
from the chiller manufacturer. The secondary loop 138 of the secondary controller 29 modulates the chiller capacity as 
required to maintain the setpoint temperature. 

[0050] The limits for the span block 134 are determined by the highest and lowest setpoint temperatures needed 
by the chiller These limits are specified by the customer. When the output of the primary feedback controller 136 is at 
100 percent, the setpoint for the second controller 29 will be the low limiting value. When the PID feedback controller 
136 is set to zero percent, then the setpoint for the secondary controller 29 will be the high limiting value. It should be 
noted that the PID feedback controller 136 is tuned to provide a slower response than the secondary controller 29. This 
difference in loop response is required to ensure stability. The secondary controller 29 is typically tuned at^e factory. 
[0051 ] As with the chiller control, the storage tank PID feedback controller receives the difference between the set- 
point (Tbidg.sp) 130 and the cun-ent building supply temperature (Twdg) 132. Based upon this difference, the controller 
140 of the TES tank controls the position the storage control valve such that flow through the tank is regulated and^e 
discharge rate or charge rate of the TES is controlled. During a charging mode either a binary input or a separate 100% 
command is issued to the load bypass valve so that the cooling coils (36) are bypassed. 

[0052] If the output of a PID controller is at maximum (1 00%) continuously for a predetermined time period (e.g.. 1 0 
minutes) its high structure flag is "set". Conversely if the output is at minimum (0%) for the predetermined time period 
its low structure flag is set. If the controller output is >0 and <100, then no flags are set. 

[0053] From the foregoing, it can be seen that a real-time pricing controller and con-esponding method are provided 
for controlling an energy storage medium that is connected to an environmental control system. The controller and 
method minimizes the integrated cost function of a real-time pricing utility service yet is simple to implement, computa- 
tionally efficient, requires minimal memory, and is robust. 

[0054] Those skilled in the art can now appreciate from this description that the broad teachings of the present 
invention can be implemented in a variety of forms. Therefore, the true scope of the invention is vast, and other modifi- 
cations will become apparent to the skilled practitioner upon a study of the drawings, specification, and following claiiTis. 
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Claims 

I . A controller for controlling an energy storage medium connected to an environmental control system that is provid- 
ing environmental conditioning, comprising: 

5 

an energy pricing data structure for storing a real-time energy pricing profile indicative of energy rates corre- 
sponding to time-varying production costs of energy: 

a storage medium containing rules that approximate optimal control trajectories of an energy cost function that 
is d^endent upon said real-time energy pricing profile, said rules governing the operation of the energy stor- 
10 age medium; arxd 

an engine for generating a storage medium control signal based upon said real-time energy pricing profile and 
said rules, whereby the energy storage medium is controlled with said storage medium control signal in order 
to minimize energy costs associated with environmental conditioning by tiie environmental control system. 

15 2. The controller of Claim 1 , further comprising a forecaster that provides an estimate of the facility heat transfer rate 
\ to said engine. 

3. The controller of Claim 1 or Claim 2, further comprising facility specific data that is received by said engine and uti- 
lized in the generation of said storage medium control signal. 

20 

4. The conti-oller of any one of Claims 1 to 3, further comprising a PID feedback controller that receives said storage 
medium control signal from said engine and generates commands for regulation of the energy storage medium, or 
of the environmental control system. 

25 5. The controller of Claim 4. wherein said PID feedback controller is a feedback conti-oller having a setpoint that is a 
desired building supply temperature. 

6^ The controller of any one of Claims 1 to 5, wherein said engine includes a charge module, standby module, and 
discharge module that are selected for execution at least in part on discharge interval. 

30 

7- The controller of Claim 6, wherein said discharge module determines whether use of the energy storage medium 
should be maximized ir minimized for an interval, and/or selects a chiller/priority conti-ol strategy by which the 
energy storage medium and environmental control system are operated. 

35 8, The controller of any one of Claims 1 to 7, further comprising a plant status selector that transmits a plant status 
signal to said engine, said plant status signal identifying a charging mode, standby mode, or discharge mode that 
is to be executed by said engine. 

5. ^ The controller of any one of Claims 1 to 8, wherein said energy cost function is: 

40 

1 0. The controller of any one of Claims 1 to 9, wherein said energy storage medium is an internal melt, ice storage tank. 

II. The controller of any one of Claims 1 to 10, wherein said environmental control system is an air conditioning sys- 
tem. 

45 

12. A method of controlling an energy storage medium connected to an environmental control system that is providing 
environmental condition, comprising: 

(a) storing a real-time energy pricing profile in an energy pricing data structure, said real-time pridng profile 
50 indicative of energy rates corresponding to time varying production costs of energy: 

(b) governing the operation of the energy storage medium with rules that approximate an optimal control tra- 
jectory of an energy cost function that is dependent upon said real-time energy pricing profile; and 

(c) generating a storage medium control signal based upon at least in part on said energy pricing profile and 
said rules, whereby the energy storage medium is controlled with the storage medium control signal in order 

55 to minimize energy costs associated with environmental conditioning by the environmental control system. 

13. The method of Claim 12. further comprising the step of forecasting a facility heat transfer rate which is utilized to 
identify a discharge strategy for the energy storage medium. 
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J4. -me method of Claim 12 or Claim 13. wherein step (c) includes selecting a charge mode, standby mode, and dis- 
charge mode based at least in part on a discharge interval. 

. 15. The method of Claims 12 to 14. further comprising the step of determining whether use of the energy storage 
s medium should be maximized or minimized for an interval. 

16. The method of Claims 12 to 15. further comprising the step of selecting a chiller/priority control strategy by which 
the energy storage medium or the environmental control system is operated. 

10 1 7. An environmental control system that provides environmental conditioning of a facility, comprising: 
an air conditioning system; 

a thermal energy storage tank that is used in conjunction with said air conditioning system to cool the facility; 
and 'i 

a controller that controls said air conditioning system and said thermal energy storage tank, said controller 
including: 

an energy pricing data structure for storing a real-time energy p-icing profile indicative of energy rates cor- 
responding to time-varying production costs of energy. 

a storage medium containing rules that approximate optimal control trajectories of an energy cost function 
that IS dependent upon said real-time energy pricing profile, said rules governing the operation of said ther- 
mal energy storage tank, and 

an engine for generating a control signal based upon said real-time energy pricing profile and said rules 
whereby energy costs associated with tiie environmental conditioning of the facility are minimized. 

18. Any novel combination of features of an environmental control system or a controller therefor or a method of con- 
trolling an energy storage medium and substantially as herein described and/or illustrated in the accompanvinq 
drawings. f j ^ 
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